Cyclosporin A (CsA), a potent inhibitor of T-cell activation, has been shown to have several effects on thymocyte maturation, thymic stromal cells, and the generation of autoreactive T cells. In Lewis rats, the combination of lethal irradiation, syngeneic bone marrow transplantation, and a 4-week course of CsA administration causes the development of an autoimmune disease (CsA-AI) resembling allogeneic graft-versus-host disease. This occurs upon withdrawal of CsA, provided the thymus receives irradiation and is present during CsA treatment. In this study, the separate effects of irradiation or CsA treatment on thymic stromal cells and thymocytes, compared to the combinatory effects, were examined using immunohistochemistry and tricolor flow cytometric analysis.
INTRODUCTION
The fungal metabolite cyclosporin A (CsA) is a very potent immunosuppressive drug that predominantly acts on T-cell-dependent responses (Schreiber and Crabtree, 1992) . It is effectively used in preventing graft rejection and graft-versus-host disease (GVHD) secondary to allogeneic bone marrow transplantation (BMT). Although CsA is also very useful in inhibiting the progression of several autoimmune diseases, surprisingly, autoimmune phenomena may rise upon withdrawal of CsA Corresponding author. treatment under certain conditions. Rats treated with CsA after lethal irradiation and consecutive syngeneic BMT develop GVHD-like lesions after CsA administration is stopped (Glazier et al., 1983) ; in humans, too, similar lesions have been reported after autologous BMT (Jones et al., 1989) . The crucial role of the thymus in the induction of this CsA-induced autoimmunity (CsA-AI) has unequivocally been established (Sorokin et al., 1986; Wodzig et al., 1993) .
Immunosuppression with CsA not only effectively blocks the proliferation of mature peripheral T cells, but also blocks thymocyte maturation (reviewed by Ritter and Boyd, 1993) . Maturation into medullary CD4 thymocytes is strongly inhibited (Gao et al., 1988; Jenkins et al., 1988; Kanariou et al., 1989) . Immunohistochemical analysis of CsA-treated thymuses from rodents shows a relatively small medulla, in which the loss of medullary thymocytes is accompanied by a loss of medullary stromal cells (Tanaka et al., 1988; Schuurman et al., 1990; Ladyman, 1991) and formation of large areas denuded of MHC class-II positive epithelial cells (Bruijntjes et al., 1993) . The (Schuurman et al., 1990; Beschorner and Armas, 1991a;  De Waal et al., 1992) .
Although upon CsA administration in the rat autoreactive T cells are generated (Beschorner et al., 1988b) and in the mouse the peripheral occurrence of T cells bearing self-reactive T-cell receptors, as determined by the use of mAbs recognizing specific "forbidden Vfs", has been demonstrated (Jenkins et al., 1988) , only the combination of CsA and irradiation evokes CsA-AI in the rat. Lethal irradiation, in terms of complete bone marrow depletion, has numerous effects on the immune system, but syngeneic BMT normally leads to an almost complete recovery of the thymus Murawska et al., 1991) . Irradiation wipes out almost the whole thymocyte population, whereas the thymic stromal cells are relatively radio-resistant. Shielding of the thymus during irradiation prevents disease both in rat (Beschorner et al., 1987) and in mouse (Cheney and Sprent, 1985) . It has been suggested that both whole-body irradiation, including the thymus and the CsA treatment have effects on the thymus essential for the induction of CsA-AI. Alternatively, post-CsA prevention of thymic recovery by thymectomy in unirradiated rats consistently evokes CsA-AI (Beschorner et al., 1991b In SYN + rats, the cortical restoration seemed tween the different cell types. Especially mAbs normal. HIS38 as well as ED19 clearly showed OX39 and OX62, which in the thymic medulla the cortical area, which was very extensive after 2 recognize specifically IDC, appeared to be very weeks. However, a combination of changes in useful for the identification of this cell type.
thymic architecture was observed (see Table 1 ). As mentioned before in SYN+ rats, the thymic Epithelial-free areas (EFA) close to the septae and architecture was perturbed by irradiation, and the capsule became very flat. Furthermore, after 2 medulla recovery was strongly inhibited by the CsA weeks, vast areas void of epithelium developed treatment. As in SYN-thymuses, the effects of surrounding the medulla. The medulla remained irradiation were very drastic; 1 week after irradia-relatively small as determined by the medullary tion a clearly detectable medulla was absent. A1-epithelium markers HIS39 and ED20. Thymuses though the IDC antigens were present, it was from SYN+ rats showed no difference in the impossible to determine whether it concerned cell epithelium cell pattern compared to AMC+ thydebris or viable cells. Morphologically, normal cells muses at 2 weeks after irradiation, except for the expressing OX6, OX18, OX39, or OX62 were not absence of the flat EFAs close to the septae and detectable in the medulla. However, in SYN+ rats, capsule in the AMC+ thymuses. Overall, these a small medulla could be detected as soon as 2 changes were especially clearly visualized by the weeks after irradiation (Fig. 2) . The medulla of mAb OX6, recognizing MHC class II present on SYN+ thymuses was of comparable size as in epithelial cells, MG and IDC (Fig. 3) . In SYN-AMC+ thymuses. OX62-positive cells and OX39-rats, irradiation damage seemed restored within 2 positive cells were present in a normal distribution weeks. Typically, the EFAs close to the septae and Beschorner et al., 1988a) . This was associated with a reduction of thymocyte number (Fig. 1) (Fig. 4) , whereas in SYN-the strong depletion of the thymocytes was overcome as soon as 2 weeks after irradiation (Fig. 4) . In AMC+, the TCR(-high positive thymocytes also diminished upon CsA administration (Fig. 4) . Tricolor (Damoiseaux et al., 1993) . There is increasing evidence that CsA interferes with the early steps in T-cell activation by inhibiting the transcription of genes involved in cyt0kine production (Schreiber and Crabtree, 1992) . Similar events occur in the maturation steps from cortical double-positive thymocytes into single-positive medullary thymocytes. A cascade of activation events is supposed to be essential in which several cytokines are produced (reviewed by Ritter and Boyd, 1993) . It has been shown that the medullary stroma is highly dependent upon the presence of TCRc-high thymocytes (Shores et al., 1991; Thomson, 1992 al., 1992; Yasutomi et al., 1992) . Therefore, it seems likely that thymocytes that are no longer allowed to become activated due to the presence of CsA escape apoptosis and leave the thymus unselected. Although CsA treatment causes the formation of "forbidden" possible autoreactive T cells (Jenkins et al., 1988; Bryson et al., 1991) , CsA treatment alone is not sufficient to cause disease (Beschorner et hl., 199 
lb).
After irradiation and BMT, the presence of the thymus is essential during the first 2 weeks of CsA administration for the development of CsA-AI (Sorokin et al., 1986; Wodzig et al., 1993) . During this period, the effects of irradiation must be overcome, and a strong influx of thymocytes is observed. The presence of medullary IDC is hard to determine and it is tempting to suggest that a lack of negative selection might occur during this period due to the absence of IDC. However, IDC are relatively radio-resistant (Murawska et al., 1991) and thymectomies of SYN-rats at 7, 10, or 14 days after irradiation and BMT did not induce autoimmune phenomena. Hence, the T cells that mature early after irradiation in SYN-rats do not form an autoreactive population capable of inducing autoimmunity as they do in SYN+ rats.
Our data show morphological changes in thymic architecture, especially in the distribution of cortex and medulla. However, it seems that there are no essential differences found in thymuses from irradiated and CsA-treated rats compared to CsA-treated rats, regarding the presence of thymic stromal cells. Cells essential for thymic selection are present, and the phenotype of the stromal cells and thymocytes is normal. At the onset of disease, the thymus seems to be one of the organs affected in CsA-AI. Thymus morphology shows that this effect probably is not mediated by corticosteroids as induced by a stress response, but that the thymus is one of the target organs of CsA-AI (Beschorner et al., 1988a) . Although we know that the thymus is allowed to recover after irradiation, albeit in an altered fashion due to CsA administration, very often no thymic remnants are found in the late acute phase of disease. In SYN+ rats, thymectomies performed directly after the cessation of CsA administration do not influence the course of disease, indicating the essential role for the thymus early after irradiation during CsA treatment, bat not in the period thereafter. Inability to recover after CsA cessation, however, is not an explanation for development of disease as stated by others (Beschorner et al., 1991b) , because in our study thymectomies performed directly after the cessation of CsA treatment in AMC+ rats do not cause CsA-AI. Because irradiation is essential to evoke CsA-AI, it is likely that there is an additional effect on the peripheral immune system that normally suppresses effectively autoreactive T cells leaking from the thymus during CsA treatment. The role and characteristics of this peripheral counterpart are under current investigation and may elucidate the contributions the thymus provides in the induction of CsA-AI.
MATERIALS AND METHODS

Animals
Female, specific pathogen-free Lewis (LEW, RT1I) rats were used. The animals were obtained from our own breeding colony and were fed ad libitum. Animals were 6 weeks of age at the start of the experiment. For the collection of the thymus and bone marrow, rats were killed by cervical dislocation under ether anesthesia.
Protocol for the Induction of CsA-AI The experimental protocol has been described before (Bos et al., 1988) . In brief, rats were given 8.5 Gy at 0.5 Gy/min using a R6ntgen irradiator (Philips MG320, Hamburg) 1 day prior to syngeneic BMT. Bone marrow was collected from tibias and femurs in balanced salt solution (BSS) supplemented with 2% heat-inactivated fetal calf serum, penicillin (100 U/ml), and streptomycin (100 tg/ ml). Recipient rats were given 6 x 107 viable nucleated syngeneic bone marrow cells in 1.0 ml BSS intravenously into a tail vein. CsA, a kind gift from Sandoz Pharma Ltd. (Basel, Switzerland), was dissolved in olive oil at a concentration of 7.5 mg/ml. Rats received 7.5 mg CsA/kg-day, administered subcutaneously for 28 days.
Thymectomies
While under ketamin and xylazine anesthesia, rats were intubated and maintained on a respirator. The thorax was opened by mediastinal incision and the thymus was entirely removed.
Experimental Design
In the first experiment, the immunohistochemistry of the thymus was studied. Rats treated according to the previously mentioned protocol (SYN+) were compared to three different age-matched control (AMC) animals: rats irradiated and syngeneic bone marrow reconstituted and treated with olive oil only (SYN-), rats only treated with CsA (AMC+), and rats administered olive oil only (AMC-) ( Table 2) .
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